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KineticsAbstract The undertaken study describes the synthesis of copper nanoparticles (Cunps) in an
aqueous medium using ascorbic acid as a reducing agent via the chemical reduction method. The
synthesized copper nanoparticles have resistance to oxidation by atmospheric oxygen for two
months. The copper nanoparticles were characterized by UV–Visible spectrophotometry, FTIR
spectroscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The average sizes of copper nanoparticles were found to be 28, 16, 12 nm at increasing concentra-
tions of L-ascorbic acid respectively. Interestingly, it was found that, the catalytic activity depends
on the size of nanoparticles. The catalysis by colloidal copper nanoparticles was studied kinetically
with the oxidation of L-threonine (Thr) by peroxomonosulfate (PMS) in aqueous medium. The oxi-
dation rate was found to follow first order kinetics with respect to threonine and peroxomonosul-
fate. The copper nanoparticles are expected to be a suitable alternative and play an important role
in the field of catalysis and environmental remediation.
 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Research on nanoparticles has received considerable attention
since they have unique properties and numerous applications
in different areas [1,2]. Metallic nanoparticles are of great
interest due to their excellent chemical, physical and catalytic
properties [3]. Among colloidal transition metal nanoparticles,
copper nanoparticles receive considerable attention since theyare used as an advanced material with electronic, optical and
thermal properties [4]. In addition to their interesting physical
properties exhibited due to quantum size effect, they also have
applications in catalysis due to their large surface area and spe-
cial morphologies. Copper nanoparticles were assumed to be
cost effective as compared to noble metals like Ag, Au and
Pt. Hence, they are potentially applied in the field of catalysis,
cooling fluids and conductive links [5]. Among various meth-
ods, the chemical reduction method is widely selected for the
synthesis of copper nanoparticles because it is of low cost, effi-
cient in yield and requires limited equipment. It is simple and
control of size and shape of particles obtained under controlled
parameters is seen [6]. Although the synthesis of copper
nanoparticles has been carried via numerous routes [7], very
less is known about the size dependent performance of copper
nanoparticles as a suitable catalyst. The main question arisesl Society
2 S. Jain et al.from the stability of copper nanoparticles including the
extreme sensitivity to oxygen and colloidal agglomeration.
Therefore there are several approaches related to the disper-
sion and oxidation resistance that needs to be solved before
application. Some studies reveal that to protect copper
nanoparticles against oxidation, ascorbic acid is utilized as a
reductant and antioxidant [8–10]. The L-ascorbic acid (hydro-
gen potential of +0.08 V) can easily reduce metal ions with
standard reduction potential higher than 0 V, such as Cu2+,
Ag+, Au3+ and Pt4+ but cannot reduce these ions with poten-
tial less than 0 V such as Fe2+, Co2+, Ni2+. Hydrogen free
radicals released from ascorbic acid react rapidly with hydro-
xyl free radicals and oxygen, whose existence is usually related
to the oxidation of the nanoparticles. So our experiment was
performed without inert gas protection.
The oxidative decarboxylation of amino acid is of impor-
tance both from a photochemical view point and also from
the view point of the mechanism of amino acid metabolism.
Metallic ions play a significant role in the oxidative decarboxy-
lation of amino acids. Kinetics of oxidation of amino acids by
a variety of oxidants like hexacyanoferrate(III) [11], perox-
omonosulfate [12], peroxodisulfate [13], cerium(IV) [14], chro-
mium(VI) [15] in the presence of transition metal catalysts as
well as hexacyanoferrate(III) [16], hydrogen peroxide [17], per-
oxomonosulfate [18] in the presence of transition metal
nanoparticles in both acid and alkaline media have been stud-
ied. There are still controversies reported regarding the oxida-
tion product of amino acids as keto acids [19], both as
intermediate and also as the oxidation product. In most of
the reaction, the end product is the aldehyde [20], the interme-
diate R–CH=N+H2 undergoes hydrolysis to yield aldehyde
whereas its interaction with the oxidant yields nitrile as an
end product. However, various types of reaction mechanisms
have been suggested but the specific details are yet to be found
out. Peroxomonosulfate can be considered as a monosubsti-
tuted hydrogen peroxide in which one hydrogen is replaced
by the SO3 group, the other hydrogen comes from the acid
group. Peroxide act as an oxygen donor to the organic sub-
strate [21]. In fact, it is the peroxide bond in these peracids that
is mainly responsible for its reactions. Study of kinetics of oxi-
dation of amino acids by peroxo oxidants is an area of inten-
sive research because peroxo oxidants are environmentally
benign and do not produce toxic compounds during the reac-
tion. The applications of transition metal nanoparticles as cat-
alyst for organic transformations include condensation [22],
hydrosilation [23] and hydration reaction of unsaturated
organic molecules [24] as well as redox [25] and other electron
transfer process [26]. Though studies on kinetics of oxidation
of amino acid with peroxomonosulfate have been widely car-
ried out, very few attempts have been made so far on the
oxidative deamination of amino acids in the presence of metal
nanoparticles. In this work, an attempt has been made to con-
struct a model.
2. Experimental
2.1. Materials
Peroxomonosulfate (PMS) was obtained from Sigma–Aldrich
under the trade name ‘‘Oxone”. The purity of the triple salt
2KHSO5KHSO4K2SO4 was estimated by iodometry andPlease cite this article in press as: S. Jain et al., Copper nanoparticles catalyzed oxid
(2016), http://dx.doi.org/10.1016/j.jscs.2015.12.004found to be 98%. However, the presence of H2O2 in the oxone
sample was tested. Tests with permanganate showed the
absence of free hydrogen peroxide and hence this reagent
was used without further purification. A fresh solution of
oxone was prepared before starting the experiments. Copper
chloride dihydrate (CuCl22H2O-97%), L-ascorbic acid (vita-
min C-98%), and threonine were obtained from E. Merck.
All other chemicals used in this study were of Analar grade
and used as such without any further treatment. Double dis-
tilled water was employed throughout the study.
2.2. Synthesis of copper nanoparticles
In a synthetic procedure, the wet chemical reduction route was
used for synthesis of the copper nanoparticles. CuCl22H2O
aqueous solution was prepared by dissolving CuCl22H2O
(0.02 mol L1) in 50 ml deionized water. The flask containing
aqueous solution of CuCl22H2O was heated to 353 K in an
oil bath with magnetic stirring. 50 ml of L-ascorbic acid
(0.1 mol L1) aqueous solution was added drop wise into the
flask while stirring. With the passage of time, the color of
the solution gradually changed from white to dark brown with
a number of intermediate stages. The reduction process and
copper nanoparticle growth process was completed after 24 h
and the resulting dispersion was centrifuged for 15 min at
6000 rpm. The supernatant was placed under ambient condi-
tions for 2 months. The redox equation of L-ascorbic acid
and copper ion can be expressed by Eq. (1).
ð1Þ2.3. Characterization
UV–Visible spectrophotometer from a double beam spec-
trophotometer (U.V. 3000+ LABINDIA) was used for the pre-
liminary estimation of copper nanoparticles synthesis. FTIR
(ALPHA-T – Bruker) provided information about oxidation
product of the reaction. Morphological study of the copper
nanoparticles was carried out with scanning electron micro-
scopy (SEM) (EVO 18 carlzeiss) image analysis, for which dis-
persed nanoparticles were centrifuged (Laboratory Centrifuges
Remi, model R-8C) and ultrasonicated (Ultrasonic processor
model EI-250UP) for 40 min. 30 ll aliquots were extracted
and deposited on stub for SEM analysis. Transmission electron
microscope (TEM) (FEI Techni G2S2 Twin) images were
recorded to confirm size distribution and shape homogeneity
of newly synthesized copper nanoparticles. Samples were pre-
pared by taking small quantities of copper nanoparticles sepa-
rated by centrifugation then ultrasonicated dispersed
suspensions were mounted on carbon coated copper grids.
2.4. Kinetic measurements
Reaction mixture containing aqueous solution of all other
reagents except peroxomonosulfate was adjusted to pH 7.0
employing potassium dihydrogen phosphate–sodiumation of threonine by peroxomonosulfate, Journal of Saudi Chemical Society
Copper nanoparticle catalyzed oxidation of threonine 3hydroxide buffer in a 250 ml blackened iodine flask and sus-
pended in a water bath thermostat at 308 K. An aliquot of
the requisite volume of peroxomonosulfate solution, ther-
mostat at the same temperature separately, was pipette out
into the reaction mixture. The time of initiation of the reaction
was recorded when half of the contents from the pipette were
released. Kinetics was monitored by estimating [PMS]
iodometrically [27] at different time intervals. Initial rates were
estimated employing a plane mirror method. The pseudo first
order plots were also made wherever, reaction conditions per-
mitted. Results in triplicate were reproducible to within ±5%.
3. Results and discussion
3.1. Metal nanoparticle characterization results
The solution became colorless when L-ascorbic acid was
added, then gradually turned to yellow, orange, brown and
finally dark in 24 h (Fig. 1). The appearance of a yellow color
followed by orange color indicated the formation of fine nano
scale copper particles from L-ascorbic acid assisted reduction.
UV–Visible absorbance spectroscopy has proved to be a
very useful technique for studying metal nanoparticles because
the peak position and shapes are sensitive to particle size. The
first absorption peak of different curves is at 335 nm corre-
sponding to the oxidation product of L-ascorbic acid [28].
The second absorption peak of copper nanoparticles has been
reported at around 560 nm of UV–Visible wavelength which
proves the formation of copper nanoparticles [29,30]. In this
work, the resulting copper nanoparticles did not show a peak
at 560 nm but displayed a broadened peak at shorter wave-
length i.e. 550 nm, indicating the presence of small separated
copper nanoparticles. We investigated the effect of L-ascorbic
acid concentration (0.08, 0.09 and 0.10 mol L1) on the synthe-
sis of copper nanoparticles by UV–Visible spectrophotometer
(Fig. S1). The absorption peak is increasingly broadening with
an increasing concentration of L-ascorbic acid.
These results indicate that a higher L-ascorbic acid concen-
tration leads to a more effective capping capacity of L-ascorbic
acid and then formed smaller copper nanoparticles. The shapes
of copper nanoparticles are spherical which can be proved by
the SEM images of copper nanoparticles (Fig. 2). TEM imagesFigure 1 The time evolution photograp
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of L-ascorbic acid concentration (Fig. 3). The size of copper
nanoparticles with various concentrations (0.08, 0.09,
0.10 mol L1) of L-ascorbic acid are 28, 16, and 12 nm respec-
tively. The reason is that L-ascorbic acid molecules encapsulate
Cu2+ and reduce Cu2+ into Cu (0), then the oxidation
products adsorb on the resulting copper nanoparticle surfaces,
preventing the particles from growing further. As a result,
smaller copper nanoparticles can be obtained.
3.2. The stability of copper nanoparticles
The stability of nanoparticles dispersion is a key factor in their
application. In this study L-ascorbic acid was used as a reduc-
ing agent and antioxidant of copper nanoparticles. During the
synthesis process, excessive L-ascorbic acid is essential to avoid
the oxidation of copper nanoparticles. The antioxidant proper-
ties of L-ascorbic acid come from its ability to scavenge free
radicals and reactive oxygen molecules [31], accompanying
the donation of electrons to give semi-dehydroascorbate radi-
cal and dehydroascorbic acid.
ð2Þ
The dehydroascorbic acid has three carbonyls in its
structure. The 1, 2, 3 tricarbonyl is too electrophilic to survive
more than a few seconds in aqueous solution. Hydration of
2-carbonyl is also reported [32]; finally the polyhydroxyl
structure is obtained through hydrolysis [28].
Hydrolysis of dehydroascorbic acid 
ð3Þh of copper nanoparticles formation.
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Figure 2 SEM images of copper nanoparticles.
4 S. Jain et al.The excessive number of hydroxyl groups can be facilitated
by the complexation of copper nanoparticles to the number of
matrices by inter–intramolecular hydrogen bond and thus pre-
vent the agglomeration of copper nanoparticles. The result is
confirmed with FT-IR Spectroscopy (Fig. S2). FTIR spectrum
shows the peaks at 3481 cm1, 1710 cm1 and 1680 cm1.
These peaks correspond to the hydroxyl, oxidated carbonyl
ester and conjugated carbonyl group respectively. These results
indicate the presence of a polyhydroxyl structure on the sur-
face of copper nanoparticles. Therefore, L-ascorbic acid plays
a dual role as a reducing agent and antioxidant of copper
nanoparticles. Thus, the reaction can be performed without
any protective inert gas.
3.3. Stoichiometry
The stoichiometry of the reaction was determined by identifi-
cation of the oxidation product of the substrate under condi-
tions of kinetics. The product appears to be aldehyde as is
pointed out by IR spectra and similarly with the products
for glycine and alanine oxidation [33]. An addition of 2, 4-
dinitrophenyl hydrazine in the reaction mixture yields a brown
precipitate of hydrazone derivative of aldehyde. The product
aldehyde was confirmed by its FTIR spectrum (Fig. S3). IR
peaks at 3097.88 cm1, 1602.07 cm1 are attributed to –NH,
–C‚N stretching respectively. However, it was further con-
firmed by undertaking a kinetic study of the reaction in stoi-
chiometric concentration of the reactants. Results indicate
the product to be aldehyde in two electron transfer oxidation.
The qualitative tests of aldehyde were positive. Therefore the
stoichiometry of the reaction based on the formation of an
aldehyde can be represented by Eq. (4):
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Further the reactions were undertaken with sufficient excess
concentration of the oxidant over that of threonine, the excess
was estimated iodometrically ensuring completion of the reac-
tion. Results as mentioned in the Table 1 support that a mole
of oxidant consumes a mole of the substrate.
3.4. Effect of peroxomonosulfate (PMS) concentration
The concentration of peroxomonosulfate was varied in the
range (1.0  103 mol L1 to 5.0  103 mol L1 at a fixed
concentration of [Thr] = 6.0  103 mol L1, [Cunps]
= 5.0  106 mol L1 and pH= 7.0 at 308 K. Initial rates
(rate, mol L1 s1) were calculated employing a plane mirror
method and a plot of rate versus [PMS] was made that yielded
a straight line passing through the origin, describing first order
dependence with respect to peroxomonosulfate. Second order
plots were also made by plots of log ([Thr]/[PMS]) against time
(Fig. 4). Second order rate constants calculated from these
plots were in excellent agreement with those calculated from
initial rates (Table 2).
3.5. Effect of threonine (Thr) concentration
The concentration of threonine was varied from 5.0  103 to
10.0  103 mol L1, at a fixed concentration of [PMS]
= 3.0  103 mol L1, [Cunps] = 5.0  106 mol L1 and
pH= 7.0 at 308 K. Initial rates were calculated and a plot
of initial rate (rate, mol L1 s1) against [Thr] was made, a
straight line passing through the origin confirming to first
order dependence with respect to threonine. Certain reactions
were also undertaken under pseudo first order conditions
[Thr] [PMS], under these conditions, pseudo first order
plots were made and pseudo first order rate constants (k1,
s1) evaluated from these plots were found to increase propor-
tionately with the increasing concentration of threonine. Sec-
ond order rate constants calculated from initial rate, pseudo
first order rate constants are in good agreement (Table 2).
3.6. Effect of copper nanoparticles (Cunps) concentration
The effect of copper nanoparticles on the rate of oxidation of
threonine has been studied at varying concentration
1.0  106– 8.0  106 mol L1 at three different nanoparti-
cles, synthesized at three concentrations (0.08, 0.09,
0.10 mol L1) of ascorbic acid with an average size of 28, 16
and 12 nm respectively at a constant concentration of
[PMS] = 3.0  103 mol L1, [Thr] = 5.0  102 mol L1 at
pH = 7.0 and temperature of 308 K. The rate of reaction
increases with increasing concentration of copper nanoparti-
cles. The pseudo first order rate constants as plotting against
the concentration of copper nanoparticles yielded a straight
line with non-zero intercept (Fig. 5), indicates simultaneously
the uncatalyzed reaction. The catalytic activity of copper
nanoparticles seems different when the concentration of the
reducing agent is varied in the range of 0.08–0.1 mol L1.
The difference in catalytic activity can be attributed to the sizeation of threonine by peroxomonosulfate, Journal of Saudi Chemical Society
Figure 3 TEM images with a histogram of the synthesized copper nanoparticles with various concentrations of L-ascorbic acid: the
average particle size is: (a) 0.08 mol L1, d= 28 nm (b) 0.09 mol L1, d= 16 nm (c) 0.10 mol L1, d= 12 nm.
Copper nanoparticle catalyzed oxidation of threonine 5variation in the resulting copper nanoparticles. The trend in
the calculated rate constant being 12 > 16 > 28 nm. This
effect can be attributed to the nanosize particles and as size
decreases, surface area increases and the active center also
increases.Please cite this article in press as: S. Jain et al., Copper nanoparticles catalyzed oxid
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The oxidation of threonine reaction is pH sensitive. The rate of
oxidation of threonine was studied at different pH viz. 4.0, 7.0,
9.5 respectively while other reactant and reaction conditionsation of threonine by peroxomonosulfate, Journal of Saudi Chemical Society
Table 1 Stoichiometry of PMS and threonine in the presence
of copper nanoparticles in aqueous medium.
S. No. [PMS], mol L1 [Thr], mol L1 [Thr]/[PMS]
1 0.005 0.002 1:1
2 0.005 0.003 1:1
3 0.005 0.004 1:0.98
4 0.006 0.004 1:0.98
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Figure 4 Second order plots. [Thr] = 6.0  103 mol L1,
[Cunps] = 5.0  106 mol L1, pH = 7.0, Temp. = 308 K,
[PMS]  103 mol L1 = (A) 1.0, (B) 2.0, (C) 3.0, (D) 4.0, (E) 5.0.
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Figure 5 The effect of [Cunps] at different size of Cunps (A)
12 nm, (B) 16 nm, (C) 28 nm at fixed [PMS] = 3.0  103 -
mol L1, [Thr] = 5.0  102 mol L1, pH = 7.0 at 308 K
temperature.
6 S. Jain et al.were constant. The rate constants obtained are 1.65  103,
1.8  103, 1.3  103 s1 respectively. The optimum pH giv-
ing the maximum rate constant was found to be 7.0.Table 2 Initial rate (rate), pseudo first order rate constants (k1) and
peroxomonosulfate in the presence of copper nanoparticles ([Cunps]
pH= 7.0.
S. No. 103 [PMS] (mol L1) 103 [Thr] (mol L1) 10
1 1.0 6.0 1.
2 2.0 6.0 3.
3 3.0 6.0 5.
4 4.0 6.0 7.
5 5.0 6.0 8.
6 3.0 5.0 5.
7 3.0 6.0 6.
8 3.0 7.0 7.
9 3.0 8.0 8.
10 3.0 9.0 9.
11 3.0 10.0 10
12 3.0 30.0 –
13 3.0 35.0 –
14 3.0 40.0 –
15 3.0 45.0 –
16 3.0 50.0 –
17 3.0 55.0 –
18 3.0 60.0 –
Results in parenthesis were derived from initial rates.
Please cite this article in press as: S. Jain et al., Copper nanoparticles catalyzed oxid
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The rate of reaction was unaffected by the variation of concen-
tration of KNO3. In this study, threonine is neutral and there-
fore no change in rate constants is expected in the presence of
electrolyte. From these results we conclude that HSO5
 and
threonine (neutral) are the reactive forms of peroxomonosul-
fate and threonine respectively.second order rate constant (k2) in the reaction of threonine with
= 5.0  106 mol L1) in aqueous medium at temp. 308 K and
7 rate (mol L1 s1) 103 k1 (s
1) 102 k2 (L mol
1 s1)
80 – 3.61 (3.58)
58 – 3.61 (3.41)
32 – 3.59 (3.63)
20 – 3.62 (3.58)
90 – 3.60 (3.58)
40 – 3.60
42 – 3.58
45 – 3.55
40 – 3.60
54 – 3.56
.07 – 3.58
1.08 3.60
1.25 3.57
1.42 3.55
1.62 3.60
1.81 3.62
1.95 3.54
2.14 3.56
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HSO5 + Cuo Cu2 + HSO4 + O2
Cu2 + O2 + RCH.COOH RCHO + NH3 + CO2 + Cuo
RCHO + NH3 + HSO4 + CO2HSO5 + RCH.COOH
NH2
NH2
Scheme 1 The plausible route of copper nanoparticles catalyzed
oxidation of threonine.
Copper nanoparticle catalyzed oxidation of threonine 73.9. Effect of temperature
The reactions were studied at three different temperatures (303,
308, 313 K) at a constant concentration of [Thr] = 5.0  102
mol L1, [PMS] = 3.0  103 mol L1, [Cunps] = 5.0 
106 mol L1 and pH= 7.0. The rate of reaction increases
with increasing temperature. A plot of log k2 (mol
1 L s1)
was made against 1/T that yielded a straight line. The energy
of activation (Ea) was calculated from the slope of the line to
be 21.57 ± 0.08 kJ mol1. The entropy of activation was calcu-
lated by employing the relationship [34],
k ¼ kBT
h
 eDH1=RT  eDS1=R
where DS– is entropy of activation and other terms have their
usual significance. Thus entropy of activation was calculated
to be 191.99 ± 4 J K1 mol1.
3.10. Mechanism
Threonine is a neutral amino acid. Then, the probability of ini-
tial interaction between threonine and peroxomonosulfate is
low. The deamination of the amino group in threonine to
NH3 occurs in the presence of copper nanoparticles by perox-
omonosulfate, while peroxomonosulfate is changed into the
hydrogen sulfate ion. A definite mechanism of copper
nanoparticle catalyzed oxidation of threonine is not clear,
based on previous reports [14] and present observations on
the catalytic cycle are shown in Scheme 1.
4. Conclusions
In the present study, highly stable dispersed copper nanoparti-
cles were synthesized in aqueous medium without employing
any protecting inert gas. By this green method, synthesis of
monodispersed copper nanoparticles (ranging from 12 to
28 nm) was obtained using different concentrations of reduc-
ing agent. L-ascorbic acid is used as a reducing agent and
antioxidant. The catalytic activity of synthesized copper
nanoparticles was investigated by the oxidation of threonine
in aqueous medium. Increasing the size of copper nanoparti-
cles decreases the catalytic activity of copper nanoparticles.
The results of this study indicate that the reaction between
threonine and peroxomonosulfate in the presence of Cunps
is second-order.Please cite this article in press as: S. Jain et al., Copper nanoparticles catalyzed oxid
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